The accuracy of ocean tide loading (OTL) displacement values has long been 20 assumed to be dominated by errors in the ocean tide models used, with errors due to the 21 convolution scheme used considered very small (2-5%). However, this paper shows that much 22 
Introduction 39 40
The periodic distribution of water due to the ocean tides loads the Earth, such that in some areas 41 such as south-west England the surface moves through a (predominantly) vertical range of over 42 100 mm in around 6 hours. The measurement of this ocean tide loading (OTL) displacement 43 with GPS and VLBI has seen much progress in recent years, with studies by Allinson et al. 44 (2004), King et al. (2005) , Thomas et al. (2007) and Petrov and Ma (2003) demonstrating an 45 attainable measurement quality of around 1 mm at discrete sites where many years of 46 GPS/VLBI data are available. Ideally the OTL displacement should also be predicted 47 (modelled) to this accuracy or better, in order to remove the phenomenon adequately from 48 geodetic measurements so as not to bias the resulting coordinate and baseline time series. 49 50 OTL displacements can be modelled by convolving a global ocean tide model with a Green's 51 function that depends on the elasticity of the Earth. Errors in the different available ocean tide 52 models have long been considered to dominate the errors in the OTL values (Scherneck 1993 ; 53 Bos and Baker 2005) . The numerical errors in the convolution scheme have been studied by 54 Agnew (1997) by comparing the output of different OTL programs with the same input. He 55 found that the differences (at an unspecified number and distribution of sites) were usually less 56 than 5% and often less than 2%. Bos and Baker (2005) undertook a similar investigation with 57 newer loading programs that included SPOTL v3.1 (Agnew 1997 coastline is straight, the site is exactly on this coastline and that only the loading due to the tides 109 within a radius of r around the site (which thus forms a half circle) is taken into account. Using 110 the equation for a point load on an homogeneous half-space (Farrell 1972) , the amplitude of the 111 OTL height displacement u at the site is given by: around the site considered, and within this box interpolation and extrapolation is performed by 154 considering all tides within a 5º×5º box surrounding the site. The box boundaries are not 155 defined from exact centering about the site however, but instead are chosen to fit the nearest grid 156 lines of the ocean tide model. A further (unique) feature is the use of MRD across the 3º×3º 157 box, i.e. to avoid creating or destroying water within the box, the excess tidal water mass is 158 redistributed equally over all water surfaces. Thus, if the water area is larger after refinement of 159 the grid, then the tidal amplitude will locally be reduced and vice versa. Outside the 3º×3º boxthe model is not refined, meaning that for sites far enough (more than ~150 km) inland, no 161 attempt is made to compensate for model cells imperfectly fitting the coastline. The value for 162 the density of sea water used is 1030 kg/m 3 . 163 164 SPOTL is a freely distributed package that uses concentric rings around the site considered to 165 represent the integration mesh. The width of the rings and number of subdivisions is dependent 166 on the distance from the site, but within a 10° radius bilinear interpolation is used to refine the 167 mesh to better fit the coastline, whilst outside the tide value for a given location simply takes the 168 value of the model grid cell that covers that location. This means that for sites far enough inland 169 (defined as a 10° radius, i.e. approximately 1000 km), no model coastal refinement takes place. 170
The value for the density of sea water used is 1025 kg/m 3 . 171 172 CARGA uses bilinear interpolation to refine the model for every cell across the globe that 173 imperfectly fits the coastline, rather than only refining the model locally. Bilinear interpolation 174 is also used to compute the tide in the open ocean, rather than the SPOTL approach of using the 175 value of the nearest grid cell. The OTL displacement value output from CARGA is a mean of 176 18 runs, in which three mesh layouts, two different coastlines and three coastal interpolation 177 techniques are varied. The value for the density of sea water is kept fixed to 1030 kg/m 3 . 178
Global tidal water mass is conserved (to ensure that no water mass is created or destroyed 179 during the tidal cycle) by removing a small uniform layer, whose thickness is different for each 180 ocean tide model and constituent considered (Bos and Baker 2005) . Table 1 , 286 sites have 302 differences less than 0.2 mm, and only five sites have differences greater than 1 mm. As with 303 the SPOTL minus CARGA comparisons, the biggest differences arise at NANO (due to much 304 CARGA extrapolation) and VESL. The VESL differences arise since OLFG/OLMPP uses the 305 GMT (Wessel and Smith, 1998) coastline which, in Antarctica, follows the ice shelves instead 306 of the land-sea interface followed by the CARGA (SPOTL v3.1) coastline. For the FES2004 307 model, the OLFG/OLMPP (NoMRD) values are practically identical to the OLFG/OLMPP 308 (MRD) values, as can be gleaned by comparing the similarity in the CARGA comparison 309 statistics listed in Table 1 . In the FES2004 distribution the grid fits the coast much better, 310 without the tendency to always overlap the coast. 311
The equivalent horizontal displacement vector differences are shown in Tables 2 and 3 for the  313 east and north components respectively. It is clearly apparent that the four approaches are in 314 much closer agreement (as judged by the absolute values of the vector differences) for the 315 horizontal components than the height, and the effect of MRD is less pronounced. For both the 316 FES99 and FES2004 models, none of the OLFG/OLMPP (MRD) minus CARGA, SPOTL 317 minus CARGA or OLFG/OLMPP (NoMRD) minus CARGA differences exceed 1 mm, all but 318 3-4 are less than 0.5 mm, and for at least 90% of sites the differences are less than 0.2 mm 319 (invariably substantially so). For the north component, the biggest differences arise for the 320 is attributed to firstly, the fact that the east component OTL values are large at these locations 326 (around 6 mm); secondly, the MRD effect causes a difference of 0.2-0.3 mm; and thirdly, the 327 3ºx3º box is too small to remove all FES99 grid cells overlapping the land in the region which at 328 these locations have large tidal amplitudes. The last effect is around 0.3-0.4 mm. Invariably the 329 effect of MRD on the horizontal displacements is smaller than for the height in a relative sense 330 also. In almost all cases, only tiny changes of <5% arise, usually much less so. 331
332
The global discrete IGS site comparisons have shown that OTL displacements are sensitive to 333
the grid cell refinement method adopted to make the ocean tide model better fit the coastline, 334 which in turn is model dependent. The largest differences between the CARGA and thecoastal sites. This is to be expected since the near tides have the biggest contribution to the 337 loading at a site, and no model fits the coastline perfectly. However, only a few of the discrete 338 sites of the IGS network are located on complicated coastlines and therefore do not necessarily 339 provide an indication of the biggest discrepancies that can arise, or the spatial scales over which 340 the discrepancies can change. This is considered in the next section, which focuses on the 341 height component, since it exhibits much bigger differences than the horizontal components. around the Bristol Channel. Expressed as a proportion of the displacement amplitude, these 369 differences are approximately 10-20%, much greater than the <5% differences previously 370 reported by Agnew (1997) and Bos and Baker (2005) . These differences are even larger than 371 occurred at the global IGS sites, which is attributed to many of the FES99 model grid cells 372 overlapping the complicated Great Britain coastline which causes a large MRD effect. With the 373 exception of East Anglia and parts of Scotland around the Caledonian Canal, the vector 374 differences everywhere in Great Britain are about 1-3 mm, even 100 km and more inland. 375
Similarly, at least 1-3 mm vector differences arise throughout Brittany and parts of Normandy, 376 peaking at about 7 mm. The differences arising using NAO.99b are almost as large as with 377 FES99, reaching 7-8 mm in northern Brittany (about 20%) although somewhat smaller in south-378 west England and Wales (2-3 mm), but reach around 4 mm in western Scotland. The 379 differences are greater than 1 mm throughout all of inland Brittany, Normandy, the Netherlands 380 and southern England. Whilst the vector differences arising using the GOT00.2 model are not 381 as large as when using FES99 or NAO.99b, they are still greater than 1 mm throughout Brittany, 382
Normandy and Scotland. Maximum differences reach around 4 mm near to Glasgow and on the 383
Normandy coast. There is a pronounced gridded pattern to the differences, which is attributed to 384 the OLFG/OLMPP 3º×3º refinement box incrementing in steps equal to the grid spacing of the 385 tide model, rather than being exactly centred around the site. Thus since the resolution of the 386 GOT00.2 and NAO.99b models is 0.5º and the displacement differences have been computed at 387 a 0.125º resolution, a gridded pattern results. It is notable that, despite the coarser grid of 388 GOT00.2 compared with FES99, the OLFG/OLMPP (MRD) minus CARGA differences are not 389 as pronounced. This shows that the model's grid resolution itself is not the sole contributor to 390 how much MRD must take place, but more important is how many grid cells, on average, 391 overlap the land. As GOT00.2 and NAO.99b have the same 0.5º grid resolution, the smaller 392 differences arising with GOT00.2 suggest that on average, it has fewer grid cells overlapping thesuggests that FES2004 has, on average, a very good fit to the coastline. With the exception of 396 the FES2004 model, the differences generally only reduce to the sub-0.5 mm level seen for the 397 majority of IGS sites when further than ~150 km inland. 398 399 From Fig. 4 , it can be seen that the vector differences between the SPOTL and CARGA 400 estimates are much smaller than the OLFG/OLMPP (MRD) minus CARGA differences, for 401 each of the four models considered. The differences between the SPOTL and CARGA values 402 are invariably less than 0.5 mm for all four models for all but sites right on the coastline, at 403 which the differences are usually no more than about 1 mm. These larger coastline differences 404 are attributed to CARGA taking the average of three extrapolation schemes near the coast, computed and the RMS of these differences (i.e. inter-model agreement) used to assess model 499 quality, which are plotted in Fig. 7 . It can be seen that for a great many sites, particularly those 500 inland, the OTL displacement is insensitive (<0.4 mm) to the choice of model, although 501 discrepancies of nearly 3 mm arise for some coastal sites. Table 5 details the sites for which a 502 discrepancy of greater than 1 mm arises, including the M2 amplitudes and Greenwich phase lags 503 computed per model. It can be seen from Table 5 that for some sites such as TNML it is just 504 one particular model (FES99) causing the inter-model discrepancy, although the discrepant 505 model differs depending on global location. For example at PARC the discrepant model isBAIE and NTUS, no one model is discrepant and the large RMS agreement is simply due to a 508 larger scatter of the amplitude and phase values across all the models. 509 510 It is clear from Fig. 7 and Table 5 NAO.99b (0.5º resolution) models are used, attributed to their grids consistently overlapping the 533 coastline which means that when MRD is applied, a large change in loading arises. Meanwhile, 534 4-5 mm errors arise using the 0.5º resolution GOT00.2 model, which are less than when using 535 NAO.99b despite the models' equivalent grid spacing. Thus the effect of MRD is dependent not 536 just on the model's grid resolution, but on how much the grid overlaps the coastline. On 537 average the GOT00.2 grid cells overlap the land as much as they leave a gap between the grid 538 and the land, whereas the NAO.99b and FES99 grid cells overlap the land too much, resulting in 539 loading errors when applying MRD. These errors have been confirmed using GPS 540 measurements, since substantial energy remains at the M2 period in the GPS height time series 541 amplitude spectra when using MRD, yet the energy reduces to the noise level when using 542 CARGA (whose displacement values agree very closely with the OLFG/OLMPP NoMRD and 543 SPOTL values). However, the grid of FES2004 has on average as many grid cells overlapping 544 the coast as cells leaving a gap to the coast. This causes the MRD effect to be small for the 545 FES2004 model. 546
547
Provided the MRD option is not used by the OLFG/OLMPP software package, this package, 548 than the 1-2 mm level at coastal sites adjacent to complicated coastlines and shallow seas, and 550 invariably better than 0.2 mm for sites more than ~100 km inland for all four models considered. 551
When more than ~150 km inland, the OLFG/OLMPP MRD and NoMRD values are identical 552
because no local refinement is applied at all. Expressing the inland differences as a proportion 553 of the loading amplitude translates to ~2-5% (often less), which is in agreement with the 554 comparisons of Agnew (1997) and Bos and Baker (2005) 
